High performance in PEM fuel cells has been achieved using purified CNTs as catalyst support. Pt/CNT nanocomposites were synthesized by reducing Pt salt on CNTs in the presence of ethylene glycol as solvent and in inert atmosphere. The reactions were carried out using both pristine and purified MWCNTs under different pH and atmospheric conditions. The detailed physical and electrochemical characterization revealed that a highly active catalytic surface could be achieved on reducing Pt on defect-free, purified MWCNTs. A further elaborated mechanism is discussed, which illustrates that reduced Pt nanoparticles form a chelate in the presence of nitrogen at neutral pH. This results in increased stability and enhanced catalytic activity. The I-V performance of a unit PEM fuel cell using the synthesized catalyst (with purified CNTs as catalyst support) showed a peak power density of 818 mW cm
Introduction
Depletion of traditional energy sources has fostered intensied research in fuel cell technology. Sincere efforts in this eld could pave the way towards the development of cleaner and sustainable energy, with great prospects for use in convenient power generators. Proton exchange membrane fuel cells (PEMFCs) represent the most feasible fuel cell technology for most stationary and portable applications because of the low operating temperature, use of all solid components, high efficiency, high power density, and rapid startup. [1] [2] [3] [4] [5] However, the sluggish kinetics of the ORR at the fuel cell cathode greatly limit the power output. [6] [7] [8] [9] Pt used to catalyze the reaction increases the FC cost to an extent that counteracts its advantage of being more efficient than conventional energy sources, imposing a constraint on commercialization of PEMFC devices wherein the total energy conversion is nearly 70%. Therefore, to supersede the conventional energy sources, there is a need to increase the durability and reduce the cost of the PEMFC. An ideal approach would be to reduce the required amount of Pt (catalyst) while sustaining high FC performance. This is possible by increasing the surface area of the Pt particles via a reduction in its size; however, decreasing size can result in other problems such as thermal stability. Therefore, new routes for development of highly active and stable catalyst substrate/ support have become the focal point.
In view of the above requirements, the ideal catalyst support must have some distinct characteristics: it should be electrochemically active, must remain well dispersed to prevent agglomeration of the electro-catalyst, and, at the same time, it should have structural uniformity to provide identical reaction sites. 10 Also, a support with high surface area should be conducting, resistant to corrosion, and hydrophobic, to avoid any mass transport problem while enhancing the activity of catalyst. Particularly varied examples in the literature have indicated that tailored morphologies and surface modica-tions of the support material, especially carbon-based materials such as carbon black, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] mesocarbon micro beads (MCMB), [22] [23] [24] [25] carbon bers, vapor grown carbon bers (VGCF), [26] [27] [28] carbon nanotubes (CNTs), 21, 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] graphene [39] [40] [41] [42] [43] and others, [44] [45] [46] greatly inuences the catalytic properties. A brief account of these is given in Table 1 along with the fuel cell power density achieved for a given catalyst loading (on the cathode side). Among the different forms of carbon, CNTs are especially known for their crystallinity which not only imparts structural uniformity and high electrical conductivity but also assures stability of the nanomaterial. [47] [48] [49] [50] Other exciting properties include high surface area, high thermal conductivities, extraordinary strength, and resilience. [51] [52] [53] [54] [55] [56] These characteristics, if used in a proper manner, can prove highly functional for improving the performance of a fuel cell catalyst. CNTs are being used increasingly in a variety of fuel cell components including bipolar plate, 57 GDL, 58 and carbon paper. 59 Large quantities of CNTs are produced commercially using the chemical vapor deposition method at competitive cost for industrial applications.
The properties of CNTs as a catalyst vary greatly with any change in their structure and purity, which in turn are found to vary largely from batch to batch with even a slight change in processing parameters. Catalyst concentration, gas ow rate, temperature, feed time, and size of reaction zone have been found to affect the properties of MWCNTs developed using the CVD method.
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In this regard, one of our recent studies clearly signies the role of heat treatment in improved properties and structural uniformity achieved for MWCNTs. 63 Highly puried MWCNTs (h-CNTs) were employed as a Pt support, and compared with pristine ones. This is in contrast to most of the previously reported studies, in which CNTs were usually treated with acid, to introduce some functional groups and provide nuclei sites for Pt loading. 13, 21, 22, 29, 30, [32] [33] [34] However, the walls of CNTs are quite inert structures and functionalization only takes place at the ends/ edges. 64 Thus, in the case of functionalized CNTs, the desired covalent linkages with Pt can only be formed at the tube ends. Moreover, functionalization introduces defects into the pure carbon structure thus affecting its stability and uniformity, which in turn deteriorates its efficiency as a catalyst support.
In this study, to decrease the size of the Pt nanoparticles, the reduction was carried out by a polyol process in the presence of nitrogen using MWCNTs as the support. The study is further supported by exhaustive physical and electrochemical characterizations, which demonstrates how the purity of the support, and the variation in the pH of reaction media determines the catalytic behavior of the nanocomposite.
An exceptionally high performance of the Pt supported on puried MWCNTs with a peak power density of unit PEM fuel cell of 818 mW cm À2 (with 0.25 mg cm À2 platinum loading) was achieved and, to the authors' knowledge, this is the highest reported performance (with a Pt catalyst loaded on MWCNTs as support) to date. This result is credited to (i) puried CNTs which act as an effective and stable catalyst support by providing uniform reaction sites and lower binding of reactants with the inert CNT walls; and (ii) attachment of Pt onto the CNT surface via the formation of coordinate complex as shown by the probable reaction mechanism. Complex ion formation not only stabilizes the Pt NP, but also reduces the chances of its agglomeration. Furthermore, to ascertain the number of electrons involved in the process, along with the K-L equation, an entirely new approach to scavenging of the peroxide, if formed during the ORR, by a suitable antioxidant has been undertaken.
Experimental

Synthesis of platinized carbon nanotubes (Pt/CNTs)
Commercially available Nanocyl 7000 multiwalled CNTs with diameter in the range of 20-30 nm and aspect ratio > 1000 were employed as catalyst substrate. Ethylene glycol (EG) and hexachloroplatinic acid (H 2 PtCl 6 $6H 2 O) (99% pure) were procured from Merck Ltd. and Acros Organics, respectively, and used as supplied. Pristine CNTs were dispersed in EG via ultra-sonication. A 0.01 M solution of H 2 PtCl 6 was added to the dispersed CNTs while keeping the ratio of Pt : CNT as 10 : 90 by weight. The solution made aer the addition of platinum was distributed in three separate reaction asks and their pHs were adjusted to 2, 7 and 11. These reaction mixtures were further reuxed at 140 C for 3 h under a constant ow of nitrogen. This process reduces the platinum salt and immobilizes Pt nanoparticles (NPs) on the surface of pristine CNTs, thus forming Pt/CNT nano-composites. The catalyst samples prepared while reux-ing in acidic (pH 2), neutral (pH 7) and alkaline (pH 11) media were designated as samples N1, N2, and N3, respectively. Nanomaterials favor a self-purication process such that the impurities and intrinsic material defects move near the surface on thermal annealing. 65, 66 Hence, in another set of experiments, the MWCNTs were heated to 2200 C in an inert atmosphere to form h-CNTs. Heat treatment has been proved to be an efficient means to remove the catalyst impurities and increase the degree of graphitization in CNT structure.
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The Pt/h-CNT nanocomposites were synthesized in a similar way to that described above, while keeping the ratio of Pt : h-CNT, as 10 : 90 by weight. The samples prepared in acidic, neutral and alkaline media were designated as M1, M2, and M3 respectively. Fig. 1 displays the schematic of the above procedure.
Material characterization
XRD was performed on a Rigaku powder X-ray diffractometer model: XRG 2KW using Cu Ka radiation. The mean crystallite size and lattice parameters were calculated from line broadening and d-spacing using the Debye Scherrer formula. Thermal stability and platinum loading in samples were estimated by TGA. The measurements were carried out on a TGA/DSC 1600 by Mettler Toledo at a constant heating rate of 10 C min À1 in air.
The purity of the prepared samples was ascertained from Raman analysis. Raman spectroscopy was carried out using a Renishaw InVia Reex Micro Raman spectrometer equipped with CCD detector at room temperature and in air. A green laser (excitation line 514 nm) was used to excite the samples. Five scans per sample were recorded, wherein the samples were exposed to laser power of 25 mW for 10 s. The size and distribution of platinum particles on CNTs was determined by high resolution transmission electron microscopy (HR-TEM).
Electrochemical characterizations
The electrochemical measurements were performed using a Biologic instrument, VSP model with EC-Lab soware. CV and LSV measurements were carried out by a conventional three electrode method with 0.5 M perchloric acid (PA) as the electrolyte. In RDE measurements a dilute solution of HClO 4 is the standard electrolyte that stimulates the peruorosulfonic acid ionomer (low anion adsorption of bound sulfonic acid groups). 69 Some literature also describes use of H 2 SO 4 as electrolyte. However, the activity of Pt catalyst is lower in H 2 SO 4 because Pt surfaces are highly susceptible to the adsorption of the HSO 4 À and SO 4 2À ions.
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Saturated calomel electrode (SCE), platinum wire and synthesized catalyst were used as reference, counter, and working electrodes, respectively. In the CV experiments the electrolyte was purged with N 2 . The working electrode was cycled between À0.25 and 0.8 V with respect to the reference electrode at a sweep rate of 50 mV s À1 for 50 cycles to obtain a stable curve. LSV was measured in rotating disc electrode (RDE) apparatus with the electrolyte saturated with O 2 , 5 mV s
À1
sweep rate, and speed of the rotating disk xed at 400, 800, 1200, 1600, 2000, and 2400 rpm.
MEA fabrication and single cell assessment
Toray TGP-H-120 carbon paper (15 wt% teonised) of 0.37 mm thickness was used as the backing layer. For preparing the gasdiffusion layer (GDL), carbon powder (Vulcan XC-72R obtained from Cabot Corporation, USA), polytetrauoroethylene (PTFE), and cyclohexane were mechanically mixed in an ultrasonic mixer, and the viscous mixture was coated onto the wet-proofed carbon paper such that the carbon and PTFE loadings were maintained at 1.5 and 0.225 mg cm À2 , respectively. The GDL thus obtained was sintered in the muffle furnace at 350 C for 30 min. The next step was to prepare the thin catalyst layer. The cathode and anode catalyst slurries were prepared by mixing the View Article Online catalyst with 30 wt% and 7 wt% of Naon solution, respectively. For fabrication of the membrane-electrode assembly (MEA), the catalyst slurry was coated onto the GDL. The catalyst loading was 0.25 mg cm À2 for both the cathode and anode and an effective electrode area of the PEMFC was 4 cm 2 . The MEA was fabricated with Naon 212 membrane by sandwiching it between the two electrodes followed by hot-pressing at 130 C for 3 min at a pressure of 20 kg cm À2 . The performances of
MEAs were evaluated using a conventional fuel cell xture with parallel serpentine ow-eld machined on graphite bipolar plates. The cells were tested at 60 C with ow rates of hydrogen and oxygen gases xed at 200 ml min À1 and 300 ml min À1 at the anode and cathode, respectively. Measurements of cell potentials with varying current densities were conducted galvanostatically using model-LCN4-25-24/LCN 50-24 procured from Bitrode Instruments (USA).
3 Results and discussion
X-ray diffraction analysis
The XRD patterns of Pt/CNTs (samples N1, N2 and N3) and Pt/hCNTs (samples M1, M2 and M3) are shown in Fig. 2 Table S1 (a and b) †). Here s is the mean size of the crystalline domain, k is the dimension less shape factor with value close to unity, b is the FWHM, i.e. line broadening at half the maximum intensity, and q corresponds to Bragg angle. The mean crystallite sizes for the nanocomposites N1, N2, and N3 were found to be 3.95, 2.68, and 3.51 nm, while those of M1, M2, and M3 were found to be 5.10, 2.55, and 3.84 nm, respectively. Thus, with varying pH conditions the crystallite size changes. Initially, there is a decrease in the crystallite with increase in pH from 2 to 7; however, with further increase in pH (from 7 to 11), the crystallite size increases. These results were further conrmed by TEM images as shown in Fig. 3 . The average Pt particle size in the samples was also calculated from several randomly selected areas in HR-TEM images and was found to be smaller for samples N2 and M2 (Fig. 3(d) and (h) ). This could be because of the probable spatial arrangement of ligand (ethylene glycol) around the platinum in Pt-CNT nanocomposite during the reduction reaction under varied pH conditions (i.e. acidic, neutral, and alkaline mediums).
A possible mechanism for this is given in Fig. 4 . In acidic medium, ethylene glycol (EG) (which is already slightly acidic in nature) attains a trans conguration because of partial hydrogen bonding with the H + ions present in the medium.
This trans conguration of EG may facilitate the tetradentate bonding with platinum. Moreover, the reduction is carried out in nitrogen atmosphere and nitrogen being a good ligand may also incline itself to form a shell around reduced Pt by donating its lone pair of electrons. However, in neutral medium there are no free ions available, so there is maximum probability of cis conrmation of EG. To stabilize Pt, the EG may form a chelatetype complex around the Pt thus yielding better stability. In addition, the inert atmosphere does not assist formation of glyconate ions from the EG. When the reaction is carried out in alkaline medium, hydroxyl ions may try to initiate formation of glyconate ions from EG and hinder the glyconate ions from stabilizing Pt; as a result, these ions can adhere to CNT via van der Waals interaction, rendering the nanocomposite more hydrophilic. Consequently there will be a ligand competition amid nitrogen (N 2 ) and glyconate ions (OH-CH 2 O À ), and nitrogen being a so ligand has more probability of forming a shell around the reduced Pt and stabilizing it. We attempted to conrm the proposed mechanism by dispersing individual samples (M1, M2, and M3) in water. Fig. 5 shows that sample M3 was fully dispersed in the water, but samples M1 and M2 were not. It should be noted here that the hydrophilicity of CNT is induced in alkaline medium because EG is available freely on CNT walls to interact with water. Nitrogen shell formation around Pt may also be a reason for increase in the apparent size of the Pt nanoparticles in acidic and alkaline media. 
Thermal gravimetric analysis
TGA was carried out to conrm the amount of Pt incorporated in the nanocomposites. The TGA curves of pristine CNT, Pt/CNT nanocomposites and h-CNT, Pt/h-CNT nanocomposite samples prepared under different pH are shown in Fig. 6 (a) and (b). Pristine CNT shows a residue of about 8.56%, which is most likely because of the presence of metal (Co, Ni) oxides used during the CNT synthesis. For the Pt/CNT samples N1, N2 and N3, the residual content is 19.25%, 20.51% and 20.09%, respectively, indicating that almost all platinum (i.e. $10%) is reduced on the CNT surface. TGA for h-CNT (without Pt) shows no residue, which clearly indicates that heat treatment effectively removes the catalytic impurities, and also removes the inherent aws in the CNT structure. 67 Thermal decomposition of h-CNTs takes place at around 750 C, much higher than decomposition of pristine CNTs (610 C). The increase in the thermal stability of the former is a measure of improved CNT structure with reduced defects. This can be seen in the TEM micrographs of h-CNTs (Fig. 7(b) ), which depict a marked improvement in the crystalline structure compared with pristine CNTs (shown in Fig. 7(a) ). Long-range ordering of microstructure is also clearly visible from the TEM images. For the Pt/h-CNT samples M1, M2 and M3, the residual content is 10.44, 11.36, and 9.29%, respectively, indicative of $10% Pt reduced on the CNT surface.
The thermal stability of the nanocomposites further reduces compared with CNTs/h-CNTs. This is because (i) the metal NPs act as defects and catalyze the oxidation process; and (ii) there is a probability that defects are also introduced in the nanotube structure during the reuxing process.
Raman spectroscopy
These results were further conrmed by Raman spectroscopy which is an important tool to yield information about the purity and defects present in the carbon structure. Fig. 8(a) and (b) shows the Raman spectra of the CNTs, Pt/CNT nanocomposites and h-CNTs, Pt/h-CNT nanocomposites. Three bands: D (defect/ disorder induced) band, G (graphite like) band, and G 0 (second order harmonic to D) band were identied in the spectra. The D band is a characteristic of defects in the hexagonal carbon structure, vacancies, catalyst impurity, etc. The G band originates from in-plane tangential stretching of carbon-carbon bonds in grapheme sheets and is a measure of graphitization of the samples. The G 0 band corresponds to the second-order harmonic of the D mode and is a measure of the defects in the stacking sequence. The intensities of the bands were determined as the area under the spectral curve. There is almost 70% reduction in the relative intensity of the D band, i.e. I D /I G , for h-CNTs over the pristine ones. This again indicates longrange ordering in the hexagonal lattice owing to an increase in purity and removal of the structural defects with heat treatment. For both the experimental series the I D /I G increases for the nanocomposites. This is because of the addition of Pt (which acts as a defect in the pure carbon structure) and also because of the stresses generated on the hexagonal layer of CNTs by its incorporation.
There is almost 100% increase in the relative intensity of the G 0 band, i.e. I G 0 /I G , for h-CNTs compared with pristine ones. This indicates the development of long-range stacking order in samples, as also indicated by the XRD spectra.
Before employing the actual catalyst, the support material was evaluated for the electrochemical studies. The CV and LSV curves for CNT and h-CNT samples (as shown in Fig. 9(a) and  (b) ) demonstrate a high value of diffusion current and higher charges associated with h-CNTs compared with pristine CNTs. This is probably because the process of heat treatment removes the defects and functionalities from the CNT surface that may otherwise result in the loss of useful current because of unnecessary side reactions. As shown in Fig. 7(b) (and represented in Fig. 1 ), h-CNTs have structural uniformity and therefore have higher probability for better dispersion of the Pt metal (active sites). Furthermore, the heat treatment would improve the adsorption properties and provide fast diffusion of reactants and products from the surface sites with maximum contribution to the catalytic activity besides acting as a catalyst support. Fig. 9(b) also shows peaks of hydrogen adsorption and desorption. This is probably because the highly crystalline sp 2 hybridized structure of the h-CNTs provides mobility to the p z electron cloud which is vacant and highly reactive. Moreover, hydrogen oxidation is a very fast and straightforward reaction. But, as is clear from Fig. 9 , the current density values are very low when only h-CNTs are used and Pt is further incorporated (to form the nanocomposite) to increase the same. shown in Fig. 10(a) and (b) . These exhibit typical characteristics of crystalline Pt electrodes in the hydrogen adsorptiondesorption regions. The electro chemical surface area (ECSA) was calculated from the integrated charge associated with the hydrogen adsorption region that is based on a monolayer hydrogen adsorption on platinum giving a measure of the HOR. ECSA for N1, N2, and N3 were found to be 58, 60, and 38 m 2 g À1 , and those for samples M1, M2, and M3 were 77.84, 165.09, and 87.16 m 2 g À1 . The increase in the ECSA of the hydrogen adsorption peak for samples N2 and M2 can be correlated to a decrease in size of the deposited Pt NPs with uniform distribution that leads to its effective utilization. 3.4.2 Linear sweep voltammetry studies. The ORR kinetics of the nanocomposite samples were investigated by LSV curves as shown in Fig. 11(a) and (b) . From the LSV curves, the onset potential was measured, which gives the potential at which the ORR initiates. This was found to be highest for sample M2. High mid wave potential for M2 further reects low binding energy of the catalyst surface with the reactants, which in turn implies fast catalytic activity as the catalyst surface is quickly available for reducing more O 2 .
36 To estimate the number of electrons involved in the ORR, LSV was carried out at different rotating speeds varying from 400 to 2400 rpm (as shown in the ESI Fig. S1 †) . The diffusion limiting current increases proportionally with the rotating speed because of an increase in the diffusion of reactant species while making reactants available on the electrode surface.
The values obtained were applied to the Koutecky-Levich equation:
:
h 1=6 , i is the experimentally determined current, i k is the kinetic current, i d is the diffusion-limited current, n is the number of electron transferred, F is Faraday constant, A is the geometric area of the electrode, D O 2 is the diffusion coefficient of O 2 in the electrolyte and h is the viscosity 
A number of computational studies in the literature have highlighted dissociative adsorption of peroxide on the Pt surface as adsorbed OH species.
If the Pt(OH) is so formed, this should render the catalyst more hydrophilic. N3 and M3 are already hydrophilic, so samples N1, N2, M1, and M2 were collected from the glassy carbon electrode aer the LSV studies (in O 2 ) and their water solubility was checked. As shown in Fig. 12 , while N1, N2, and M1 showed solubility in water, M2 is still insoluble.
3.4.3 Scavenging studies. RRDE (rotating ring disk electrode) is the most popular and widely used method to ascertain the number of electrons involved in oxygen reduction. However, a new, as-yet unreported, approach was used in this study, involving scavenging of the peroxide, if formed, by an antioxidant. A suitable scavenger-like ascorbic acid (AA) can direct the mechanism by blocking the activity of the intermediate peroxide species, which will lead to reduction in the current.
LSV study of the Pt/h-CNT series (samples M1, M2, and M3) was carried out in the following order and the results are shown in Fig. 13(a)-(c) .
(i) With 0.5 M perchloric acid as electrolyte (PA) (ii) With 0.5 M perchloric acid and 0.12 mM ascorbic acid mixed in the ratio of 1 : 1 as electrolyte (PA + AA) (iii) Repeated study with perchloric acid (PA-r) As observed in Fig. 13(a) and (c), the presence of AA decreases the output current for samples M1 and M3, which gives a clear indication of the formation of peroxides, which in turn are scavenged by AA. When the sample was repeated in perchloric acid (PA), a further decrease in current was observed because of the catalyst sites being blocked by AA. Conversely, in the case of sample M2, the current remains the same even when AA is added to the electrolyte. This signies a four-electron process where no such peroxide intermediates are formed. Fig. 13 (a), (b) and (c) Scavenging studies of M1, M2 and M3 samples respectively. Fig. 12 Photographs of (i) catalyst sample N1, N2, (ii) catalyst sample N1, N2 scraped from the electrode after the LSV studies, and (iii) catalyst sample M1, M2 scraped from the electrode after the LSV studies.
And, therefore, the reaction remains unaffected even in the presence of AA. Furthermore, when the voltammetry studies were repeated with perchloric acid (i.e. PA-r), the curve remained the same as with PA initially, as there were no sites blocked by AA (no peroxide formation). The results are in line with those obtained using K-L equations.
I-V characteristics of unit PEM fuel cell
The performance of the unit PEMFC was evaluated using the synthesized catalyst. Fig. 14(a) and (b) show the peak power densities for samples N1, N2, N3, M1, M2, and M3 as 383, 453, 280, 486, 818, and 711 mW cm À2 , respectively. It is clear that the puried catalyst support raises the kinetics of ORR. These results can be explained by taking an example of a car driven on an uncrowded and smooth road, where fast driving is feasible. On the contrary, heavy traffic will restrict movement of the car. When CNTs have defects, these might act as traps for the oxygen during ORR, thereby leading to slow kinetics. However, when these CNTs are graphitized, surface cleansing and uniformity is achieved resulting in fast ORR and ultimately higher power density. It is suggested that interaction between the crystalline Pt NPs and CNTs occurs through synergic bonding that involves redistribution of charge between 2p orbitals of carbon and 5d orbitals of Pt, as depicted in Fig. 15 . Such interaction facilitates immobilization of Pt NPs on CNT surface without any functional groups.
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The improved performance of the M2 sample can further be attributed to the small size and uniform distribution of the Pt NPs, which results in increase in the overall ECSA and direct reduction of oxygen by a four-electron process.
In the region of low current density of the fuel cell polarization curve, the voltage drop (known as the activation polarization) mainly reects the sluggish kinetics of the oxygen reduction reaction at the cathode surface. The activation polarization is described by the Tafel equation Eqn (5) is linear of the form y ¼ ax + b, where a (¼RT/anF) is the Tafel slope, j is the current density, j 0 is the exchange current density, n is the number of electrons transferred per mole of reactant, F is Faraday's constant, and a, the charge transfer coefficient represents the fraction of the over potential assisting the reaction. The various kinetic parameters are summarized in Table 2 , and the Tafel plots are shown in Fig. 16 . The value of j 0.9 represents the current density at the cell potential of 0.9 V, known as kinetic current density, while a is calculated from the slope of the Tafel plots. The reason for presenting j at a particular cell potential (0.9 V) rather than j 0 , is because even a slight variation in Tafel slope can cause anomalous variation in the values of j 0 . 74 The values of charge transfer coefficient (a) and j 0.9 were found to be higher for Pt/h-CNT nanocomposites, indicating feasibility of the reaction compared with that with Pt/CNT samples. The value of Tafel slope was calculated to be minimum for sample M2, much smaller than that reported elsewhere. 38, [74] [75] [76] This may be attributed to better Pt utilization, which in turn is accredited to smaller particle size and homogeneous distribution of platinum nanoparticles for sample M2 resulting in an increase in the number of possible reaction sites. Twice-repeated catalyst (10% Pt/h-CNTs) synthesis in neutral medium under N 2 reuxing (i.e. conditions for sample M2) shows consistent FC performance (Fig. 17) . Interestingly, almost a 13.5% hike in fuel cell performance was achieved while employing sample M2 with 0.25 mg cm À2 Pt loading, compared with a commercial catalyst, i.e. 40%
Pt/C (obtained from Johnson Matthey, JM) with 0.5 mg cm À2 Pt loading and tested under similar conditions.
Conclusion
Development of a highly efficient electrocatalyst for oxygen reduction reaction (ORR) is key to commercialization of PEM fuel cells. Heat treatment has proved to be a feasible and efficient method for improving the electrochemical activity of CNTs on a large scale, and highly puried MWCNT supported Pt nanoparticles were successfully developed. Pt was reduced in a nitrogen atmosphere, and a neutral medium forms stable complexes that further assist in creating uniformity over available active sites while enhancing the ORR kinetics. The I-V performance of a unit PEM fuel cell for sample M2 showed high peak power density of 818 mW cm À2 , at Pt loading of 0.25 mg cm À2 . The stability of the support (achieved by heat treatment) and the stability of the Pt on it (because of complex ion formation) leads to efficient ORR by a four-electron process. 
